Subarachnoid hemorrhage (SAH) was pro duced in rabbits by four subarachnoid injections of blood (n = 7) or saline (n = 6); a control group (n = 6) had no injections. Basilar artery vasospasm was assessed by se rial angiograms. Resting CBF (microspheres) and CBF reactivity to hypercapnia (65 and 85 mm Hg) and hypoxia (fractions of inspired oxygen of 0.15 and 0.10) were de termined. Basilar artery vasospasm was seen with SAH. Resting CBF was reduced by 31 % (SAH 43 ± 12, saline 65 ± 17, control 60 ± 21 ml 100 g-J min-I ), and resting
Several studies in subarachnoid hemorrhage (SAH) patients have suggested that there is im paired CBF reactivity to changes in CO2 (Ishii, 1979; Tenjin et al., 1988) and blood pressure (Ishii, 1979) . Although few experimental studies have in vestigated the effect of SAH on CBF reactivity to physiologic stimuli, most of these studies examined acute effects of SAH on CBF reactivity (Has hi et al., 197 2; Petruk et al., 1974; Mendelow et al., 198 1) rather than the more clinically relevant delayed ef fects. None have investigated the potential mecha nisms involved in disturbed reactivity. Previously we used a canine model of delayed vasospasm to study these issues and found that despite a 45% reduction in basilar artery diameter, resting CBF and reactivity to CO2 were unaffected (Diringer et cerebrovascular resistance was increased (SAH 1.84 ± 0.30, saline 1.31 ± 0.49, control 1.39 ± 0.25 mm Hg ml-J 100 g -I min -J ) after SAH. CBF rose to a similar degree in all three groups in response to hypercarbia and hypox ia. We conclude that resting CBF is reduced in this model of SAH, but vascular reactivity remains intact. Key Words: Angiography-Cerebral blood flow Cerebrovascular reactivity-Hypercapnia-Hypoxia Vasospasm.
al., 199 1). More recently we found that in a feline model of SAH, resting CBF was unaff ected, but vasodilation to severe hypercapnia was impaired (Diringer et al., 1993) .
In the present study we investigated CBF reac tivity to both hypercarbia and hypoxia, a stimulus that has not been previously studied. We employed a rabbit model of severe SAH because, unlike in the cat, the basilar artery is large enough in diameter to allow quantification of the degree of vasospasm, an giography is technically much simpler, and, unlike in the dog and cat, there is no cortical anastomosis between the internal and external carotid arteries. We tested the hypothesis that in a rabbit model of SAH, resting CBF is reduced and vasodilation in response to hypoxia and hypercapnia is blunted during delayed vasospasm.
METHODS

Experimental groups
Experiments were performed on adult male New Zealand white rabbits weighing 3-3.5 kg randomly as signed to one of three groups. The SAH group (n = 7) received injections of 2-3 ml (see following) of fresh au tologous nonheparinized blood on days 1, 2, 5, and 6.
Angiography was performed prior to the first blood injec tion and again on day 9, immediately before measurement of CBF. Since previous studies have demonstrated max imal vasospasm 2-4 days after SAH, arterial diameter and CBF were measured on day 9, 3 days after the last sub arachnoid injection. Following measurement of resting CBF, the response to increased P aco2 and decreased P a02 was determined. A saline group (n = 6) followed the same protocol as the SAH group but was injected with preservative-free normal saline instead of blood. The con trol group (n = 6) did not undergo angiography or injec tions, but had CBF measured under the same conditions as the other two groups.
Angiography
Animals were anesthetized with thiamylal sodium (40-50 mg/kg i. v.) or pentobarbital sodium (35-45 mg/kg i. v.) and allowed to breathe spontaneously or, if necessary, mechanically ventilated to maintain P aco2 at 35-40 mm Hg. One to two milliliters of iodinated contrast material (meglumine diatrizoate) was hand-injected into a catheter (Headhunter; Cordis, Miami, FL, U.S.A.) positioned in the vertebral artery and films were taken at 2/s. Immedi ately following angiography, MABP was recorded and arterial blood collected for analysis. Measurements were made on enlarged prints by a blinded observer at three points along the basilar artery using calipers (KWB Manostat, Switzerland). The measurements were aver aged to obtain the vessel diameter.
SAH technique
Animals were anesthetized with ketamine (65-75 mg/kg i.m.) and acepromzaine (2-3 mg/kg i.m.), intubated, al lowed to breathe spontaneously, and placed in a 30° head down position. Each animal received a total of four sterile injections over 6 days either directly into the cisterna magna (n = 4) or via suborbital puncture through the optic canal (n = 3). Since there was no difference be tween these groups in physiologic parameters, degree of vasospasm, or CBF, they were combined for further anal ysis. Blood was drawn from the central ear artery. For the first injection, 3 ml of blood was always injected; however, the volume for the subsequent injections was limited to the amount that produced apnea and/or exten sor posturing. The cumulative volume injected in animals ranged from 9 to 12 ml (3-3.7 mllkg). The overall mortal ity rate for the four injections was 12%.
CBF measurements
On day 9, the animals' neurologic function was rated on a 3-point scale (Zivin et aI., 1988) . Then they were anes thetized with pentobarbital sodium (35-45 mg/kg i. v. bo lus and 3-6 mg/kg/h i.v. infusion), intubated, and me chanically ventilated. Follow-up angiography was per formed. Then the left cardiac atrium was cannulated via thoracotomy for injection of radiolabeled microspheres. Intracranial pressure (cisterna magna) and blood pressure were measured at the level of the right atrium and con tinuously recorded. Brain temperature was measured with a thermistor (Mon-A-Therm, model 6510; La Barge, St. Louis, MO, U.S.A.) and maintained at 39.5 ± OSC with a heating pad and lamp. Following a 30-min stabili zation period, baseline measurements were made. The concentration of inspired CO2 was then increased to ob tain a Paco2 of 60 ± 3 and 85 ± 5 mm Hg. Following 10 min of stabilization at each P aco2' all measurements were 1994 repeated. This was followed by a I-h stabilization period at P aco2 of 35-40 mm Hg. A second set of baseline mea surements was made. Fio2 was then reduced to 0.15 and 0.10 by adding nitrogen to the ventilator circuit and all measurements were repeated.
Radiolabeled microsphere technique
Regional CBF was measured with radiolabeled micro spheres (16 ± 0.5 f.Lm diameter; Dupont-New England Nuclear, Boston, MA, U.S.A.) using the reference sam ple method (Marcus et aI., 1976) . Spectral overlap was removed by differential spectroscopy and blood flow was calculated by the reference sample technique (Heymann et aI., 1977) .
Statistical analysis
Differences between baseline and follow-up angiogra phy were compared using paired t tests. Since there were no differences between the control and saline groups, they were combined for comparison of CBF data to the SAH group. Baseline parameters were compared with a one-way analysis of variance. The responses to hypertar bia and hypoxia were compared by two-way analysis of variance. Post hoc comparisons were performed using the Dunnett test. Values are expressed as means ± SD; p < 0.05 was considered statistically significant.
RESULTS
All the animals in the saline and control groups had a neurologic score of 1 (normal neurologic func tion), but four of the seven animals in the SAH group had a score of 2 due to reduced spontaneous activity.
Baseline and follow-up angiograms were con ducted under similar arterial blood gas and MABP conditions (Table 1 ). There were no differences in these parameters between the SAH and saline groups. Only in the SAH group was there was a significant reduction in diameter of the basilar ar tery on the follow-up angiogram (Table O. During CBF measurements, resting normocap nic, normoxic pH, Paco2, Pao2, and cerebral perfu sion pressure were similar in all groups (Table 2) . Hemoglobin remained >9 g/dl in all groups through out the experiment. There was a tendency for intra cranial pressure to rise with hypercarbia and hyp oxia in all three groups, but this was statistically significant only in the control group.
Resting blood flow was reduced by 31% in the SAH group compared with the combined saline and control groups in the supratentorial compartment ( Fig. 1) . Similarly, resting cerebrovascular resis tance was increased after SAH (SAH 1.84 ± 0.30, saline 1.3 1 ± 0.49, control 1.39 ± 0.25 mm Hg ml-1 100 g-1 min -1). CBF rose in response to both hy percarbia and hypoxia to a similar degree in all three groups (Fig. 2 ). There were no regional differ ences in the response. There was no relationship Values are means ± SD. Each group received four injections of either blood or saline on days 1, 2, 5, and 6. Baseline angiography was performed before the first injection and follow-up angiography on day 9. SAH, subarachnoid hemorrhage. a p < 0.05 vs. baseline.
between the degree of basilar artery narrowing, resting CBF, and neurologic exam.
DISCUSSION
The model we employed involved injection of a large volume of blood into the subarachnoid space with a low mortality and allowed correlation of rest ing CBF, angiographic vasospasm, and CBF reac tivity to two vasodilator stimuli, hypercarbia and hypoxia. Since serial injections have been shown to enhance vasospasm in other species (Zabramski et aI., 1986) , and in order to limit mortality, we chose to inject four aliquots of blood, totaling 3-3.6 mllkg, over a period of 6 days. Measurements of CBF in rabbit models have been limited, with two finding delayed decreases in global CBF (Logo thetis et aI., 1983; Chan et aI., 1984) and one finding increased CBF, 3 days after the second of two injections (Nel son et aI., 1990) . Angiography was not routinely performed in either of these studies, nor was reac tivity to hypoxia tested. Only one model produced focal neurologic deficits; however, this required previous bilateral common carotid artery ligation, a procedure that alone produced neurologic deficits (Endo et aI., 1988) .
The degree of angiographic narrowing of the bas ilar artery in our study was somewhat less than re ported in the literature. This difference may be ac counted for by differences in technique. Selective vertebral angiography enhances opacification of the Values are means ± SD. SAH, subarachnoid hemorrhage; Hgb, hemoglobin; ICP, intracranial pressure; CPP, cerebral perfusion pressure. Each group received four injections of either blood or saline on days 1, 2, 5, and 6. Angiography was performed before the first injection and on day 9. a p < 0.05 compared with appropriate baseline. b p < 0.05 for baseline conditions compared with SAH group. basilar artery, especially when there is increased resistance, and therefore tends to underestimate the degree of vasospasm compared to the aortic arch or subclavian injections used in other studies (Chan et aI., 1984; Endo et aI., 1988; Vorkapic et aI., 199 1) . It is unlikely that the reduction in resting CBF in our SAH group was a result of basilar artery vaso spasm. The reduction in the diameter of the basilar artery was modest, and we previously produced much greater narrowing of the basilar artery with no change in CBF (Diringer et aI., 199 1) . In addition, blood flow was reduced in the supratentorial com partment but not in the brainstem, the region di rectly supplied by the basilar artery. It is more likely that the reduced blood flow was a result of reduced cerebral metabolism, a mechanism that may also occur in humans. Global reductions in CBF have been reported in humans prior to the onset of vasospasm (Meyer et aI., 1983; Knuckey et aI., 1985) . Carpenter et aI. (199 1) and Hino et aI. (1989) found a reduction in both CBF and metabo lism without an increase in oxygen extraction, sug gesting that the reduction in CBF follows a primary reduction in metabolism. This hypothesis may also explain why CBF was reduced in the supratentorial compartment but not the brainstem. Fein (1975 Fein ( , 1976 found parallel reductions in CBF and metab olism following cisternal injection of blood in mon keys. We were unable to measure cerebral meta bolic rate from sagittal sinus blood in this study; use of other methods, such as 2-deoxyglucose autora diography, could address this question. Although we found a reduction in resting CBF, reactivities to hypercarbia and hypoxia were pre served. Previous work in humans and animals has not demonstrated a consistent relationship between resting CBF and reactivity to vasodilator stimuli. A failure of CBF reactivity could result from either impaired reactivity of small vessels or prior maxi mal dilation to compensate for proximal narrowing. Determination of small vessel diameter changes un der cranial windows may help clarify the situation.
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